Introduction {#s1}
============

Fetal growth is under the control of numerous genetic, environmental, and nutritional factors. Infants born small for gestational age (SGA) may experience metabolic derangements during intrauterine life, which may predispose to increased fetal and neonatal mortality and morbidity ([@B1]), and an increased risk of disorders in adult life, such as cardiovascular disease, diabetes and obesity ([@B2]).

Fetal growth restriction may be the consequence of maternal, fetal, or placental factors. The insulin-like growth factors (IGFs) appear to be major determinants of fetal growth ([@B3]), and are expressed in the mother, fetus and placenta in most species ([@B4]). We previously showed that IGF1 and IGF1R mRNA and protein are higher in placentas from SGA compared to placentas from children born appropriate for gestational age (AGA) ([@B5]). Furthermore, we reported a higher placental protein content and response to IGF-I of IGF-IR, IRS-1 and AKT in SGA placentas, which may represent a compensatory mechanism in response to fetal growth restriction ([@B6]).

The protein α-Klotho, was first reported in 1997 as the product of an anti-aging gene ([@B7]), and subsequently, a protein termed β-Klotho, was reported ([@B8]). The Klotho (KL) proteins are co-receptors for fibroblast growth factor (FGF) receptors ([@B9]). The gene KL transcription product has alternatively spliced transcripts at exon 3 ([@B10]) resulting in either a secreted soluble form of Klotho (termed soluble Klotho) ([@B11]), or the full-length single-pass transmembrane protein (termed membrane Klotho), which functions as a coreceptor for FGF23 ([@B9]). The action of secretases generate a second soluble form of Klotho by the cleavage of the extracellular domain of transmembrane Klotho. Soluble Klotho is secreted into the extracellular space, including blood, urine, and cerebrospinal fluid, where it functions as a hormonal factor involved in several processes, such as angiogenesis, energy and bone metabolism, etc. ([@B12]) Moreover, Klotho can exert biological functions via FGF23-dependent and FGF23-independent pathways ([@B12]).

The first report of the presence of Klotho in human placenta was by Ohata Y et al. ([@B13]) in 2011, who described the presence of higher levels of the protein at birth which decreased markedly after a week. Recently, it has been documented that α-Klotho concentrations are increased in serum from mothers with preeclampsia (PE) from 32 to 40 weeks of gestation. However, the authors did not find differences in placental Klotho protein expression between PE and control mothers ([@B14]).

Limited information is available regarding placental Klotho and its relation with fetal growth. Klotho suppresses tyrosine phosphorylation of the IGF-I receptor (IGF-IR) in rat hepatoma cells (H4IIE), independently of the FGFs/FGFR system ([@B15]). Therefore, the aim of our study was to evaluate Klotho mRNA and its protein in human placenta, and to investigate whether there are differences in these parameters in term and preterm placentas from small (SGA) and appropriate (AGA) for gestational age newborns. In addition, we evaluated the effect of Klotho on IGF-IR activation induced by IGF-I in human placenta.

Materials and Methods {#s2}
=====================

Sample Collection
-----------------

The placental tissue was collected immediately after delivery. We selected placentas from full term (T: 37--40 weeks of gestation) and preterm newborns (PT: 32--36 weeks of gestation). The Apgar scores of all newborns were normal and approximately one third of the cases were delivered by cesarean section. The newborns with a birth weight between the 10th and the 90th percentiles for gestational age were defined as AGA, and the newborns with a birth weight below the 10th percentile as SGA, using Chilean birth weight references ([@B16]). Exclusion criteria were maternal hypertension, diabetes, or a reduced amount of amniotic fluid at delivery. We studied 117 gestations; 37 Term (T)-AGA placentas, 32 T-SGA placentas, 28 Preterm (PT)-AGA placentas, and 20 PT-SGA placentas. The clinical characteristics of the T-AGA, T-SGA, PT-AGA and PT-SGA neonates are shown in Table [1](#T1){ref-type="table"}. All mothers gave their written informed consent and this protocol was approved by the Institutional Review Boards of Metropolitan Central Health Service of Chile and the University of Chile in Santiago, Chile. Each placenta was inspected by a pathologist (EK) for any possible abnormalities. Placental samples were rapidly processed as described by Wyatt et al. ([@B17]). Placental villous tissue was collected from PT and T pregnancies and 30--50 g villous tissue was dissected and quickly washed thoroughly in cold sterile saline solution (NaCl 0.154 mol/L). To study mRNA expression and total protein content, placental tissue was dissected free of chorion and decidua into 80--100 mg pieces, washed in sterile saline solution, divided in order to obtain placental samples from the chorionic (CP) and basal (BP) plates, and immediately frozen in liquid nitrogen and stored at −80°C. The cord blood was centrifuged and the serum was aliquoted and stored at −20°C until assayed.

###### 

Clinical characteristics of newborn and Klotho concentrations in cord blood.

                            **T-SGA (*n* = 32)**                            **T-AGA (*n* = 37)**   **PT-SGA (*n* = 20)**                           **PT-AGA (*n* = 28)**
  ------------------------- ----------------------------------------------- ---------------------- ----------------------------------------------- ----------------------------------------------
  Gestational age (weeks)   38.6 ± 0.2                                      39.2 ± 0.2             34.4 ± 0.4                                      35.0 ± 0.2
  Birth weight (SDS)        −1.74 ± 0.08[^\*^](#TN1){ref-type="table-fn"}   0.12 ± 0.12            −2.08 ± 0.14[^\*^](#TN1){ref-type="table-fn"}   −0.43 ± 0.13
  Birth length (SDS)        −1.82 ± 0.15[^\*^](#TN1){ref-type="table-fn"}   −0.04 ± 0.13           −2.41 ± 0.42[^\*^](#TN1){ref-type="table-fn"}   −0.72 ± 0.29
  Placental weight (g)      500 ± 12[^\*^](#TN1){ref-type="table-fn"}       634 ± 19               425 ± 33[^\*^](#TN1){ref-type="table-fn"}       573 ± 30
  Klotho (ng/ml)            701 ± 59[^\*^](#TN1){ref-type="table-fn"}       839 ± 41               268 ± 95[^\*\*^](#TN2){ref-type="table-fn"}     393 ± 132[^\*\*^](#TN2){ref-type="table-fn"}

p \< 0.05 T-SGA vs. T-AGA and PT-SGA vs. PT-AGA;

*PTSGA vs. T-SGA and PT-AGA vs. T-AGA*.

RNA Preparation, cDNA Synthesis, and Reverse Transcription Quantitative PCR {#s3}
===========================================================================

Total RNA was obtained from frozen placentas from chorionic and basal plates with TRIzol Reagent (Invitrogen Life Technologies, Bethesda, MD, USA), and subsequently treated with DNAse DNA-free (Ambion Inc, Austin, TX, USA) following supplier indications. Total RNA integrity was analyzed in a denature agarose gel and the purity and concentration by measuring absorbance at 260 and 280 nm using NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, DE, USA). Complementary DNA (cDNA) was synthesized from 2 μg of total RNA with ratio 260/280 ≥1.9 using random primers (Invitrogen), RNAsa OUT (Invitrogen), and 200 U RevertAid H Minus M-MuLV reverse transcriptase (Fermentas AB, Vilnius, Lituania) following the manufacturer\'s instructions.

By quantitative polymerase chain reaction (qPCR) we amplified Klotho using specific primers (250 bp, NM 004795.3; upstream 5′-CCT CGA AGA ATG ACC GAC CAC AGC A-3′ and downstream 5′-GGC GGA ACT TCA TGT GAG GGT CCA-3′), and GAPDH (163 bp) as endogenous gene. Both Klotho and GAPDH were amplified in 1 μL cDNA sample adjusted to 10 μL volumes by the addition of reaction mix containing 1x EVA®Green PCR Master Mix 5X (USA), 400 nM (Klotho), or 600 nM (GAPDH) of each specific human primer. The amplifications were carried out in triplicate in StepOne Plus Real-Time PCR System (Applied Biosystems, Foster Cuty, CA, USA) running in each assay GADPH and a same calibrator (a cDNA pool of 10 placentas). The efficiency fluctuated between 95--108%. The results are shown normalized with GADPH. For negative control reaction, no cDNA was added to the reaction mix.

Placental Explant Cultures {#s4}
==========================

Small fragments of placental tissue (10--20 mg) from 20 placentas of AGA newborns, were dissected from each plate and washed in ice-cold sterile saline solution. Three fragments per well were placed and cultured at 37°C in 12-well plates for 1 h in 2.0 ml of DMEM/F-12 (Invitrogen) medium containing 100 U/ml penicillin100 μg/ml streptomycin and 0.25 μg/ml amphotericin (Invitrogen). Subsequently, the medium was changed by fresh DMEM/F-12 medium and the explants were treated with Klotho (0.1--3.0 nmoles/L) (R&D Systems, MN, USA) for 20 min and subsequently with 10^−8^ mol/L IGF-I (Austral Biologicals, San Ramon, CA, USA) at 0 (basal), 10, 20, or 40 min; this concentration of IGF-I has been employed in our previous study (6). At each time point the explants were removed, frozen in liquid nitrogen and stored at −80°C.

Protein Extraction {#s5}
==================

The frozen placental tissue was powdered in a ceramic mortar with liquid N~2~ and homogenized for 30 s with a mechanical homogenizer (Kontes Glass Company, Vineland, NJ, USA) in ice-cold Tissue Extraction Reagent 1 (Biosource International, Inc, Camarillo, CA, USA) supplemented with 1% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) and anti-proteases (Complete, Mini, EDTA-free Protease Inhibitor Cocktail Tablets, Roche Applied Science, Basel, Switzerland).

The tissue homogenate was incubated for 30 min at 4°C with gentle stirring and centrifuged at 10,000 × g for 30 min. The resulting supernatant was collected and assayed for protein concentration using the BCA protein assay kit (Pierce, Rockford, IL, USA) with bovine serum albumin (BSA) as standard.

Western Blot Analysis {#s6}
=====================

Equal amounts (25 μg) of placental proteins were resolved by electrophoresis using 8% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes (BioRad Laboratories, Hercules, CA, USA). To study the phosphorylation induced by IGF-I we ran two gels (in the same chamber) loading the samples in the same order, since stripping of membranes may result in altered signals compared to unstripped detection. The membranes were blocked with 5% BSA in TBS-T (20 mmol/L Tris pH 7.2, 137 mmol/L, NaCl, and 0.1% (v/v) Tween-20) for 1 h at room temperature. Blots were probed with antibodies against total IGF-IRβ (Santa Cruz Biotechnologies, CA, USA), phospho-IGF-IR-Tyr1161 (Abcam,Cambridge, England); total AKT and 308 threonine phospho AKT (Santa Cruz); total ERK~42/44~ (Santa Cruz), phospho ERK~42/44~ (threonine 202/Tyrosine 204, Cell Signaling, Danvers, MA, USA). Anti β-actin (Sigma-Aldrich) was used to normalize placental phospho and total protein contents. After extensive washing, the bands were detected with appropriate horseradish peroxidase-conjugated secondary antibodies (Rockland Immunochemical Research, Gilbertsville, PA, USA), followed by enhanced chemiluminescence (ECL plus Western Blotting Detection System, Amersham Biosciences, Bucking Hanshire, UK).

The images were acquired and evaluated by scanning densitometry using the UltraQuant Image Acquisition and Analysis Software (Ultralum Incorporated, Claremont, CA, USA); specific times of exposure and settings were established for each protein. Total protein content band intensity was expressed in arbitrary units (optic densitometry units, AU) and normalized relative to β-actin content. The activation of IGF-IR, ERK~42/44~ and AKT induced by IGF-I was obtained by the ratio of phosphorylated-protein/total protein content at each time point.

Klotho Assay
------------

Klotho concentrations in cord blood were measured by ELISA (Cusabio Biotech Co., Ltd. MD, USA). The sensitivity of the method is 0.04 ng/mL. The intra- and inter-assay CVs were 6.5 and 8.1%, respectively.

Immunohisytochemistry
---------------------

Protein Klotho immunoreactivity was studied by analyzing the expression in the Basal Plate (BP) and Chorionic Plate (CP) of the placentas by immunohistochemistry. The samples were fixed in 10% of neutral buffered formalin, embedded in paraffin, and cut into 5 m thick sections. Antigen retrieval was performed using citrate buffer (pH 6.0) for 30 min at 98°C. The sections were incubated at 4°C overnight with anti-Klotho antibody 1:200 (SC-22220, Santa Cruz Biotechnology) and after 3 washes with Phosphate-buffered saline (PBS) 1X the slides were incubated with goat anti-IgG conjugated with biotin, 1:1,000 (Jackson Immuno Research, PA, USA), at 25°C for 60 min. The immune detection was performed using 3-Amino-9-ethylcarbazole (AEC) as chromogen (Vector Novared, Prolab) and counterstained with hematoxylin. The true color image analysis Image-Pro Plus system was applied to determine the integral optical density (IOD) values of Klotho protein. The average IOD of 4 visual sights for each section was taken as the sample IOD. Inter-observer variability was below 10%.

Statistical Analysis {#s7}
====================

Results are shown as mean ± SEM. Differences within each group (preterm and term AGA and SGA) were assessed by one-way ANOVA or Kruskall-Wallis, followed by the Bonferroni test for multiple comparisons. According to the distribution of the data, correlations were established using the Pearson or Spearman test. Statistics were performed using SPSS v21, and a value of *p* \< 0.05 was considered significant.

Results {#s8}
=======

The clinical data of the newborns are shown in the Table. As expected, the T-SGA and PT-SGA newborns had significantly lower birth weight SDS, birth length SDS, and placental weight compared to their AGA counterparts.

Klotho Levels in Cord Blood
---------------------------

Klotho cord blood concentrations were significantly lower in T-SGA compared with the levels in T-AGA newborns. No differences were found between PT-SGA vs. PT-AGA. In addition, Klotho concentrations observed in cord blood from term newborns were significantly higher compared to the concentrations found in preterm newborns (Table [1](#T1){ref-type="table"}).

Placental Klotho mRNA Expression According to Birth Weight and Gestational Age
------------------------------------------------------------------------------

*Klotho* mRNA expression was lower in the chorionic plate (CP) (Figure [1A](#F1){ref-type="fig"}) of the T-SGA placentas (0.51 ± 0.08) compared with the expression found in T-AGA (1.16 ± 0.06) placentas (*p* \< 0.05). However, the expression was higher in the basal plate (BP) of T-SGA (1.23 ± 0.14) compared with T-AGA (0.55 ± 0.08) (Figure [1B](#F1){ref-type="fig"}, *p* \< 0.05). In the preterm (PT) placentas, we observed lower mRNA Klotho expression in the CP of the PT-SGA (0.27 ± 0.08) compared with PT-AGA (0.40 ± 0.06) (*p* \< 0.05, Figure [1A](#F1){ref-type="fig"}), but no differences were observed in the BP of PT-SGA vs PT-AGA (Figure [1B](#F1){ref-type="fig"}). We also observed that Klotho mRNA expression was higher in the CP of T-SGA, T-AGA, and the BP of T-SGA (*p* \< 0.05) compared with corresponding preterm placentas. No differences were observed in the BP of T-AGA compared with PT-AGA.

![Klotho mRNA expression in placentas from chorionic plate **(A)** and basal plate **(B)** of term \[T-SGA (*n* = 37) and T-AGA (*n* = 32)\] and preterm \[PT-SGA (*m* = 20) and PT-AGA (*n* = 28)\] pregnancies. The values represent the mean 2^ΔΔCt^ ± SEM for each group. The gene amplifications in each placenta were performed by triplicates.^\*^*p* \< 0.05.](fendo-09-00797-g0001){#F1}

We evaluated Klotho protein in human placentas by immunohistochemistry. Positive immunostaining for Klotho was predominantly expressed in syncytiotrophoblasts from the BP, CP, and intermediate zone of the each placenta. No staining for Klotho was observed in the endothelial or mesenchymal cells from the placental villi. No difference, in the distribution of Klotho staining, was observed between preterm and term placentas (Figures [2A--L](#F2){ref-type="fig"}). We also assessed as a positive control, Klotho protein expression and distribution in human kidney which is shown in Figure [2N](#F2){ref-type="fig"}.

![**(A--P)** Representative images of Klotho immunostaining in the chorionic (CP; **A,D,G,J**) and basal plates (BP; **B,E,H,K**) of human preterm and term placentas. Control, negative control **(C,F,I,L)**. Cytoplasmic and cell membrane Klotho staining pattern in tubular epithelium in healthy human kidney by IHC, on paraffin sections **(M)**. Negative kidney tissue control **(N)**. Quantitation of immunostaining in CP **(O)** and BP **(P)**, Average ± SEM, ^\*^*p* \< 0.05.](fendo-09-00797-g0002){#F2}

In Figure [2O](#F2){ref-type="fig"}, we show lower Klotho immunoreactivity (IOD) in the CP of the T-SGA (6023 ± 605) compared with T-AGA placentas (7323 ± 577, *p* \< 0.05). We also observed a slightly lower Klotho IOD in the CP of PT-SGA (3898 ± 310) compared with PT-AGA placentas (4241 ± 330), but this did not reach statistical significance. Regarding the BP of the placentas, no differences were observed in Klotho IOD between T-SGA and PT-SGA compared with their respective AGA placentas (Figure [2P](#F2){ref-type="fig"}). The Klotho immunoreactivity in the CP and BP of T-placentas was higher (*p* \< 0.05) compared with the expression in PT-placentas. In addition, Klotho protein immunoreactivity in the CP of SGA placentas was lower compared with the BP of the same placentas (6023 ± 605 vs. 7476 ± 523; *p* \< 0.05).

Effect of Klotho on IGF-IR Phosphorylation Induced by IGF-I
-----------------------------------------------------------

We determined the effect of Klotho on IGF-IR activation induced by IGF-I in human AGA placental explants. In a dose response manner, Klotho (0--3.0 nM), added 20 min before the IGF-I treatment, reduced the tyrosine phosphorylation of IGF-IR induced by 10 nmol/L of IGF-I, reaching a maximum inhibition at a dose of 2.0 nM on AGA placental explants (Figure [3A](#F3){ref-type="fig"}). In addition, we tested the effect of Klotho on the activation of intracellular signaling events, induced by IGF-I. Explants from the CP of T-SGA placentas were stimulated with IGF-I 10 nM in the presence or absence of Klotho at a concentration of 2 nM. We observed that Klotho reduced the activation of signaling events, induced by IGF-I, downstream of receptor activation, including phosphorylated AKT and ERK ~42/44~ (Figures [3B,C](#F3){ref-type="fig"} respectively).

![Representative Western blot and dose response densitometry analysis **(A)** show effects of IGF-I alone or IGF-I + Klotho at different concentrations on IGF-IR tyrosine phosphorylation in human placenta (*n* = 20), ^\*^*p* \< 0.05 compared with IGF-I alone. Effect of Klotho in the activation induced by IGF-I in human placental explants (*n* = 20 placentas) on threonine AKT **(B)** and on threonine-tyrosine ERK~42/44~ **(C)**. ^&^*p* \< 0.05 respect to the corresponding time with IGF-I alone.](fendo-09-00797-g0003){#F3}

Discussion {#s9}
==========

To our knowledge this the first study that investigates the differences in gene and protein expression of Klotho in human preterm and term placentas from SGA and AGA newborns. In addition, we studied the cord serum levels of Klotho and the effect of Klotho on the activation of IGF-IR signal transduction in these placentas. Klotho concentrations in cord blood increased with advanced gestational age, and T-SGA newborns showed lower levels of Klotho compared with T-AGA newborns. It is. ([@B14]) reported higher serum Klotho levels in pregnant compared with non-pregnant women and higher levels of Klotho in cord blood compared with serum levels observed at 4 days of life, suggesting that Klotho is derived from the placenta ([@B13], [@B14]). Our findings are in accordance with a recently study reported by Fan et al. ([@B18]) who observed lower Klotho cord blood levels in gestations complicated by preeclampsia (PE), PE occurs in approximately 10% of all pregnancies and is characterized by a high incidence of intrauterine growth restriction.

Recently, Shao WJ et al. observed higher gene Klotho expression in placentas from gestations with macrosomia compared with a normal birth weight group ([@B19]). These observations agree with our results, since we observed lower gene expression of Klotho in preterm and term SGA placentas compared with AGA placentas. Klotho may inhibit the activation of IGF-IR by decreasing the metabolic action of IGF-I which plays a key role in fetal growth. We previously reported higher IGF-I mRNA and protein content in SGA compared with AGA placentas ([@B5]). Taken together, the higher IGF-I and lower Klotho mRNA expression in SGA placentas (particularly in the chorionic plate) suggest a possible compensatory mechanism of the placenta in response to fetal growth restriction in both term and preterm gestations.

Consistent with our findings, Klotho protein has been reported to be predominantly expressed in syncytiotrophoblasts with some expression in the endothelium of fetal vessels and connective tissue of villi in human term placenta ([@B13]). In our study, the protein expression of Klotho increased from 32--36 to 37--40 weeks of gestation. We also found a lower Klotho protein immunostaining in the chorionic plate of -SGA compared with AGA placentas. This lower Klotho protein immunodetection was also reported in placentas from women with preeclampsia (PE) compared with controls ([@B18]). However, Loichinger MH et al ([@B14]) reported no differences in Klotho protein expression between PE and control placentas, but this study did not investigate Klotho placental distribution assessed in both chorionic and basal plates as we did.

The insulin-like growth factors (IGFs) have potent mitogenic activities and appear to be major determinants of fetal growth ([@B20]). We have described higher IGF-I, IGF-IR, AKT content in SGA placentas compared with AGA placentas in preterm and term gestations ([@B5], [@B6]). We also documented a higher response to IGF-I of IGF-IR, and increased AKT activation in explants of SGA compared to AGA placentas ([@B6]). In this study, we tested the hypothesis that Klotho may be playing a role in the changes observed in placentas from newborns with different birth weights. We observed that Klotho induced a significant reduction of IGF-IR Tyr phosphorylation induced by IGF-I compared with IGF-I alone. We also studied the effect of Klotho on AKT and ERK phosphorylation, and we observed a 70 and 50% reduction respectively, suggesting that Klotho may be regulating IGF-I activity in human placentas according to fetal growth.

Cellular oxygen availability is known to have an important role in placental function. Oxygen concentrations regulate placental glucose transporter (GLUT) expression and the production of reactive oxygen species (ROS). It has been reported that an inhibition of the IGF-I signal transduction is associated with an activation of forkhead box O (FoxOs) transcription factors and upregulation of genes that encode antioxidant enzymes ([@B21]) that are important for removing reactive oxygen species and reducing oxidative stress. Our results suggest that the higher expression and protein content of Klotho observed in the maternal side of the SGA placentas may favor the reduction of oxidative stress in this part of the placenta potentially reducing the development of calcification and apoptosis ([@B22]). In addition, the lower expression and protein content of Klotho observed in the fetal side of the SGA placenta may favor the placental amino acid transport that is regulated by IGF-I ([@B23], [@B24]).

In conclusion, we describe that Klotho mRNA and protein expression varies according to fetal growth and gestational age. In addition, Klotho appears to down-regulate the activation induced by IGF-I on IGF-IR, AKT, and ERK~42/44~ in human placental explants. These findings may represent a compensatory placental mechanism in response to fetal growth restriction, particularly in the fetal side of the placenta.
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